1 4 9 7 a r t I C l e S The selective removal of exuberant or inaccurate neuronal processes without causing neuronal death, referred to as pruning, is crucial for the refinement of neural circuits in the developing nervous system 1,2 . Pruning shares several features with neuronal degeneration in response to injury or disease 1 . In injured neurons, axons distal to the lesion site rapidly degenerate, a process known as Wallerian degeneration 1, [3] [4] [5] . In neurodegenerative disorders, breakage and degeneration of neuronal processes derived from the diseased neurons often occur before neuronal death 6, 7 . In Drosophila, larval-born neurons undergo extensive remodeling or apoptosis to form the adult nervous system during metamorphosis 8 . The remodeled neurons survive, but prune their neuronal processes/connections before eclosion, which later regrow to become part of the adult nervous system 8 . These pruning events occur primarily in the first 24 h of metamorphosis in the CNS and peripheral nervous systems (PNS) 9-11 . In the CNS, the mushroom body γ neurons, olfactory projection neurons and thoracic ventral neurons remodel their larval dendrites/axons to form adult connectivities 5,9-18 . In the PNS, the majority of larval neurons, including class II and III dendritic arborization sensory neurons, are eliminated via apoptosis. However, certain class I and IV dendritic arborization neurons survive to undergo large-scale dendrite-specific pruning with minimal morphological changes in their axon termini 19, 20 .
a r t I C l e S
The selective removal of exuberant or inaccurate neuronal processes without causing neuronal death, referred to as pruning, is crucial for the refinement of neural circuits in the developing nervous system 1, 2 . Pruning shares several features with neuronal degeneration in response to injury or disease 1 . In injured neurons, axons distal to the lesion site rapidly degenerate, a process known as Wallerian degeneration 1, [3] [4] [5] . In neurodegenerative disorders, breakage and degeneration of neuronal processes derived from the diseased neurons often occur before neuronal death 6, 7 . In Drosophila, larval-born neurons undergo extensive remodeling or apoptosis to form the adult nervous system during metamorphosis 8 . The remodeled neurons survive, but prune their neuronal processes/connections before eclosion, which later regrow to become part of the adult nervous system 8 . These pruning events occur primarily in the first 24 h of metamorphosis in the CNS and peripheral nervous systems (PNS) [9] [10] [11] . In the CNS, the mushroom body γ neurons, olfactory projection neurons and thoracic ventral neurons remodel their larval dendrites/axons to form adult connectivities 5, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In the PNS, the majority of larval neurons, including class II and III dendritic arborization sensory neurons, are eliminated via apoptosis. However, certain class I and IV dendritic arborization neurons survive to undergo large-scale dendrite-specific pruning with minimal morphological changes in their axon termini 19, 20 .
The class IV dendritic arborization neuron ddaC undergoes a stereotyped pruning process that is initiated by the severing of proximal dendrites, followed by rapid fragmentation of severed dendrites and clearance of cellular debris via phagocytosis. During dendrite pruning, severing events consistently occur at the proximal regions of dendrites. Initial signs of dendrite severing include blebbing and proximal thinning of dendrites, involving the depolymerization of microtubule and actin cytoskeletons 19, 21 . The steroid molting hormone 20-hydroxyecdysone (ecdysone), a master regulator that controls body-plan changes in insects, regulates both these pruning events in neurons undergoing remodeling and apoptosis of select PNS neurons during metamorphosis 19, 20 . The ubiquitin-proteasome system and Dronc caspase act to execute the pruning process, along with Ik2 kinase and the microtubule-severing factor Katanin-60L1 (refs. 21-23) . How ecdysone regulates a transcriptional hierarchy to mediate dendrite pruning, however, is unknown.
We found that Sox14 serves as an important regulator of dendrite severing in ddaC neurons. We found that Sox14, a critical target of ecdysone signaling, was both necessary and sufficient to induce dendrite severing during pruning. Sox14 mediates dendrite severing by promoting the expression of a direct target, mical, which was also required for dendrite severing. The Mical protein consists of multiple domains that are known to interact with actin and other cytoskeletal proteins and potentially mediates cytoskeletal alterations during dendrite pruning. Thus, our findings reveal a genetic pathway composed of the transcription factor Sox14 and its downstream target Mical that mediates dendrite severing in class IV ddaC neurons in response to ecdysone.
RESULTS
The class I and IV dendritic arborization neurons in the PNS survive and undergo a stereotyped pruning process in each abdominal hemisegment a r t I C l e S during the early phase of metamorphosis 19, 20 . We focused our attention on the class IV ddaC neuron that is located in the dorsal cluster and can be labeled by the expression of membrane-bound mCD8-green fluorescent protein (GFP) using the class IV-specific pickpocket (ppk)-Gal4 driver (ppk-Gal4) (Fig. 1) 24 . ddaC neurons started to show signs of dendritic instability at approximately 5 h after puparium formation (5 h APF), when small blebs formed along the proximal branches of dendrites ( Fig. 1a and Supplementary Movie 1) . These blebs migrated dynamically along the dendrites, resulting in thinning and subsequent physical breakage of the dendrites from the soma (Supplementary Movie 1) , namely dendrite severing. The severing of proximal dendrites was apparent at 8 h APF and completed by 12 h APF (Fig. 1a, Supplementary  Fig. 1 and Supplementary Movie 1) . Over the next 6 h, severed dendrites underwent rapid fragmentation and clearance by phagocytes ( Fig. 1a and Supplementary Fig. 1 ). At 18 h APF, no larval dendrites were observed in the vicinity of the ddaC soma, whereas the soma and the axon remained intact (Fig. 1a and Supplementary Fig. 1 ). Any defects in dendrite-severing events can be easily recognized by the presence of dendrites that remain attached to the soma at 18 h APF.
The transcription factor Sox14 mediates dendrite severing
Ecdysone is an important regulator of neuronal remodeling events in mushroom body γ neurons of the CNS 11 and dendritic arborization neurons of the PNS 19, 20 . Ecdysone binds to a nuclear receptor heterodimer consisting of ecdysone receptor and Ultraspiracle (EcR/Usp), resulting in the activation of target gene expression during Drosophila metamorphosis 25 . The B1 isoform of the ecdysone receptor (EcR-B1) is highly expressed in remodeling neurons of the CNS 11, 18 and the PNS 20 . EcR-B1 expression is activated by TGF-β signaling and the cohesin complex during the larval-pupal transition [26] [27] [28] . Inactivation of EcR/Usp functions that blocks ecdysone signaling not only inhibits neuronal pruning in both systems, but also prevents cell death in apoptotic dendritic arborization neurons 11, 19, 20 . To identify previously unknown proteins that mediate dendrite pruning downstream of EcR/Usp, we carried out an RNA interference (RNAi) screen and tested genes that, from previous microarray analyses, have the potential to respond to ecdysone signaling [29] [30] [31] . We isolated sox14, which, when attenuated by RNAi, resulted in severe dendrite pruning defects in all ddaC neurons. sox14 RNAi a r t I C l e S did not affect the overall morphology of dendritic arbors (n = 15; Fig.  1d and Supplementary Fig. 2) , as compared to the wild-type arbor (n = 23; Fig. 1c and Supplementary Fig. 2) . Notably, at 18 h APF, approximately nine primary and secondary dendrites were still attached to the soma (100%, n = 16; Fig. 1d,i) , whereas no dendrites were observed in the wild-type ddaC neurons (100%, n = 13; Fig. 1c,i) , suggesting that the severing of proximal dendrites from ddaC neurons requires Sox14. Sox14 is a high-mobility group (HMG)-box transcription factor, the sole Drosophila Sox C group protein and belongs to the evolutionarily conserved Sox family. None of the other seven Sox family genes in Drosophila appears to be involved in dendrite pruning, as knockdown of these genes by RNAi did not induce an obvious pruning defect in ddaC neurons (data not shown).
To further verify the role of sox14 in ddaC dendrite pruning, we generated sox14 mutants by mobilizing a P element, P{Mae-UAS. 6 .11}LA00606, inserted upstream of the sox14 gene (Fig. 1b) . We recovered two excisions, sox14 D13 and sox14 D15 , in which the entire first exon was removed (Fig. 1b) . The homozygous sox14 mutant flies survived until the late pupal stages, allowing us to observe dendrite pruning defects in the early pupal stage. The defects in dendrite severing that we observed in both of the sox14 homozygous mutants were more pronounced than those induced by sox14 RNAi at 18 h APF. In these sox14 mutants, the majority of the primary and secondary dendrites remained attached to the ddaC soma at 18 h APF (100%, n = 13; Fig. 1 ), compared with those present in the white prepupae (Fig. 1e) . Transheterozygotes between sox14 D13 and sox14 D15 , or hemizygotes between sox14 D13 or sox14 D15 and either of the small deficiencies removing the sox14 gene, showed indistinguishable dendrite-severing defects compared to either of the homozygotes (Fig. 1f,i) . In addition, we were unable to detect Sox14 protein via immunofluorescence analysis in sox14 D13 (Supplementary Fig. 3 ) or sox14 D15 mutants (data not shown). Thus, both sox14 D13 and sox14 D15 are either strong hypomorphic or null alleles, and we refer to them as sox14 mutants. Using the mosaic analysis with a repressible cell marker (MARCM) technique 32 , we generated homozygous clones for sox14 mutants. The same sox14 ddaC clones were first examined in white prepupae and subsequently at 18 h APF for potential pruning defects (Fig. 1g) . All of the sox14 ddaC clones had a strong pruning defect at 18 h APF (100%, n = 7; Fig. 1g,i) , suggesting that Sox14 mediates dendrite pruning in a cell-autonomous fashion. Reintroduction of Sox14 into sox14 mutant ddaC neurons largely rescued dendrite-severing defects (n = 24; Fig. 1h,i) , further confirming that the dendrite pruning defects associated with sox14 mutants are a result of the loss of sox14 function.
Wild-type dorsal dendritic arborization neurons such as ddaA, ddaB and ddaF were eliminated via apoptosis at the early pupal stage ( Supplementary Fig. 4 ). Knockdown of sox14 by RNAi using the dendritic arborization neuron driver Gal4 109(2)80 inhibited neuronal death in the majority of ddaF (86%, n = 15), ddaA and ddaB neurons at 18 h APF ( Supplementary Fig. 4 ). Therefore, loss of sox14 function causes EcR-like phenotypes with regard to dendrite pruning and neuronal apoptosis during early metamorphosis.
sox14 transcripts are ubiquitously expressed during embryogenesis and are enriched in the third instar larvae and early pupae 33, 34 . We generated a specific antibody to Sox14 (see Online Methods) and used it to examine Sox14 expression in dendritic arborization neurons, comparing it with EcR-B1 expression (Fig. 2) . EcR-B1 expression was low in ddaC neurons at the early third-instar larval (eL3) stage, reached its peak at the wandering third-instar larval (wL3) and white prepupal stages and declined at 5 h APF ( Fig. 2a-d ; also seen in a previous study 20 ). In contrast, Sox14 expression was undetectable at the eL3 and wL3 stages, but increased markedly at the white prepupal stage, followed by a slight decrease after the white prepupal stage ( Fig. 2e-h ). The intensity of Sox14 staining in the nuclei of ddaC neurons was slightly weaker than in those of the apoptotic ddaF neurons (Fig. 2g) . Thus, Sox14 is expressed in both apoptotic and remodeling dendritic arborization neurons in white prepupae and prepupae, lagging slightly behind the upregulation of EcR-B1 expression.
Mical, a cytosolic protein, promotes dendrite severing
To search for possible downstream targets of Sox14 involved in dendrite pruning, we screened a collection of ethyl-methylsulfonate mutagenized late-pupal lethal mutations on the third chromosome (Fig. 3) 35 . We isolated a mutant, l (3) 15256, that showed a failure of dendrite severing in ddaC neurons by 18 h APF (Fig. 3d,  Supplementary Fig. 1 and Supplementary Movie 3). l(3)15256 ddaC neurons retained an average of 7.4 primary and secondary dendrites attached to the soma at 18 h APF (100%, n = 20; Fig. 3d,h ) and 3 dendrites at 24 h APF (100%, n = 13; Supplementary Fig. 1 ), indicating that the mutant neurons had a strong severing defect. The overall larval dendrite morphology of ddaC neurons in the wL3 larvae of l(3)15256 zygotic mutant was indistinguishable from that of wildtype ddaC neurons, as judged by the number of terminal dendrites (Supplementary Fig. 2 ). The l(3)15256 mutation was mapped to the cytological region 85F1-F8 (Fig. 3a) and further sequence analysis in this region identified a nonsense mutation in the mical gene that predicted the production of a truncated protein with only the first 534 amino acids (Fig. 3b) . Mical is a large, cytosolic, multidomain protein containing a flavoprotein mono-oxygenase domain at the N terminus, a calponin homology domain and LIM domain at the middle region, and a proline-rich domain (PRD), coiled-coil domain and PDZ-binding motif at the C terminus (Fig. 3b) 36 . The Mical protein was undetectable in l(3)15256 homozygous white prepupae (Fig. 2t) , as compared with wild type (Fig. 2k) . Hemizygotes of l(3)15256 with a small deficiency, Df(3R)swp2 MICAL , that removes the mical gene 36 or four other previously identified mical mutants 37 also caused equally strong dendrite-severing defects (Fig. 3e,h and Supplementary  Fig. 5 ). Therefore, l(3)15256 is probably a null allele of mical and we refer to it as mical 15256 . Moreover, the dendrite-pruning defects associated with mical mutants can be fully rescued by overexpressing full-length Mical (Mical FL ), but not by expressing an N-terminal portion of Mical (Mical N-ter ) in ddaC neurons (Supplementary Fig. 6 ). These results suggest that the dendrite-pruning defects observed in mical 15256 mutant neurons are attributable to a loss of mical function. Thus, mical is important in dendrite severing of ddaC neurons. mical RNAi (100%, n = 12; Fig. 3f,h ) and mical 15256 MARCM clones (100%, n = 12; Fig. 3g,h ) also showed a severing defect in ddaC neurons, similar to mical zygotic mutants. These data establish a cell-autonomous role for mical during dendrite pruning. Moreover, similar to observations in EcR DN (EcR-B1-W650A) or sox14 mutants, mical dendritic arborization neurons ddaD and ddaE failed to prune their dendritic processes by 24 h APF ( Supplementary  Fig. 7) . Surprisingly, unlike pruning defects observed in sox14 mutants, apoptotic neurons such as ddaF neurons were eliminated at 18 h APF in mical zygotic mutants (Supplementary Fig. 4) , mical MARCM clones or mical RNAi (data not shown). Thus, Mical is specifically required for dendrite severing of class I and IV dendritic arborization neurons, but is dispensable for neuronal apoptosis in other apoptotic dendritic arborization neurons during early metamorphosis. Red arrowheads indicate the ddaC soma. At the white prepupal stage, the dendrite arbors of micaldefective ddaC neurons were not different from their wild-type counterparts. Wild-type neurons completely pruned their dendrites by 18 h APF (c), whereas ddaC neurons lacking mical failed to sever dendrites and proximal dendrites remained attached to the soma (d,e). mical promoted dendrite pruning in a cell-autonomous manner, as shown by mical RNAi (f) and MARCM a r t I C l e S
Upregulation of Mical requires EcR, usp and sox14
We next determined the expression pattern of Mical and its requirement with respect to EcR, usp and sox14 using a previously characterized antibody to Mical 36 . We further verified the specificity of this antibody, as it did not stain mical mutants (Fig. 2t) or mical RNAi-treated ddaC neurons (data not shown), but staining with it did lead to markedly enhanced signals when Mical was overexpressed in mical mutant ddaC neurons ( Supplementary  Fig. 6 ). Mical was expressed at low levels in the eL3 and wL3 larvae (Fig. 2i,j) . However, we observed substantially elevated Mical expression at the white prepupal and 5 h APF stages in all of the dendritic arborization neurons (Fig. 2k,l) . In dendritic arborization neurons, Mical was localized in both dendrites (arrowheads) and axons (arrow), and in the cytoplasm in soma (Fig. 2k) .
Upregulation of Mical protein temporally coincided with Sox14 expression (Fig. 2e-l) and lagged slightly behind the EcR-B1 upregulation ( Fig. 2a-d) . To ascertain whether Sox14 and Mical are downstream targets of EcR-B1 during dendrite pruning, we first examined whether Sox14 and Mical expression is affected in ddaC neurons when ecdysone signaling is blocked. EcR RNAi effectively downregulated EcR-B1 expression (Supplementary Fig. 8 ), as compared with wild type (Supplementary Fig. 8) , and caused strong ddaC pruning defects at 18 h APF (data not shown) that were similar to those in usp RNAi-treated or EcR DN ddaC neurons (Supplementary Fig. 1 a r t I C l e S used these strains to block ecdysone signaling in all of the dendritic arborization neurons (using the Gal4 109(2)80 driver) or in only ddaC neurons (using the ppk-Gal4 driver) and analyzed Sox14 and Mical expression in mutant dendritic arborization neurons at the white prepupal stage. The inhibition of ecdysone signaling by EcR RNAi (n = 13; Fig. 2m ), EcR DN (data not shown) or usp RNAi (n = 11; Fig. 2n ) resulted in the depletion of Sox14 proteins in all of the dendritic arborization neurons. Likewise, Mical expression failed to increase at the white prepupal stage in EcR DN (100%, n = 18; Fig. 2q ) and usp RNAi-treated (100%, n = 17; Fig. 2r ) dendritic arborization neurons, in contrast with wild-type white prepupae (Fig. 2k) . We then examined whether Sox14 is required for Mical expression in ddaC neurons. Mical expression was no longer upregulated in sox14 RNAi-treated (100%, n = 14; Fig. 2s ) or sox14 mutant ddaC neurons (100%, n = 20; data not shown). On the other hand, EcR-B1 expression appeared to be normal in both sox14 (n = 6; Supplementary  Fig. 8 ) and mical mutants (n = 9; Supplementary Fig. 8 ), and Sox14 levels in mical mutants remained the same as those in wild type (n = 11 mutants and 25 wild types; Fig. 2g,p) . Taken together, Mical and Sox14 are downstream targets of EcR/Usp and Mical upregulation requires Sox14 in ddaC neurons during early metamorphosis. The temporal regulation of EcR-B1, Sox14 and Mical protein expression in mushroom body γ neurons was highly similar to that observed in dendritic arborization sensory neurons ( Supplementary  Fig. 9 ). High levels of sox14 and mical transcripts could be detected in mushroom body γ neurons at the white prepupal stage in an EcR-dependent fashion (Supplementary Fig. 10) . Notably, sox14 RNAi caused downregulation of mical RNA in mushroom body γ neurons (Supplementary Fig. 10 ). Sox14 was able to directly bind to the mical regulatory regions in ecdysone-treated S2 cells ( Supplementary  Figs. 10 and 11) . Furthermore, sox14 RNAi-treated mutants exhibited severe axon-pruning defects in mushroom body γ neurons, whereas the axon branches were pruned normally in homozygous mical mutant by 24 h APF (Supplementary Fig. 10 ).
Sox14 overexpression causes precocious severing
Given that sox14 and mical are required for dendrite pruning in ddaC neurons, we next examined whether overexpression of either one is sufficient to cause precocious pruning (Fig. 4) . At 6 h APF, the majority of primary and secondary dendrites were still attached to the soma in wild-type ddaC neurons (Fig. 4a) , although the overall dendritic morphology was simple, presumably as a result of the gradual retraction of high-order dendrites. We therefore chose this time point for the detection of potential precocious dendrite severing when EcR-B1, Sox14 or Mical were overexpressed in ddaC neurons. Sox14, when overexpressed in ddaC neurons, substantially accelerated the progression of dendrite pruning, including severing and debris clearance (Fig. 4d) . By 6 h APF, fewer than five primary and secondary dendrites remained attached to the soma in Sox14-overexpressing ddaC neurons a r t I C l e S (Fig. 4d,k) , compared with approximately 14 attached dendrites in the wild-type ddaC neurons (Fig. 4a,k) . Notably, almost half of the ddaC neurons retained three or fewer attached dendrites, whereas elimination of the majority of disconnected dendritic arbors was observed (40%, n = 20; Fig. 4d ). Although overexpression of Sox14 reduced the density of high-order dendrites, it did not obviously affect the number of primary and secondary dendrites in white prepupal ddaC neurons (Fig. 4a,d) . Thus, Sox14 is an important transcription factor that is necessary and sufficient to promote dendrite severing in ddaC neurons. Continuous overexpression of Sox14 from the late embryonic stages to the early pupal stages using the ppk-Gal4 driver did not cause neuronal apoptosis, as ddaC neurons were still present by 24 h APF (data not shown). Does Sox14 overexpression cause upregulation of Mical expression? In wild-type wL3 larvae, Mical was expressed at low levels in dendritic arborization neurons (Fig. 4f) . Notably, overexpression of Sox14 led to a marked upregulation of Mical levels in more than half of the ddaC neurons (53% n = 32; Fig. 4i ), as compared with neighboring dendritic arborization neurons lacking Sox14 overexpression (Fig. 4i) . Elevated levels of Mical were also observed in Sox14-overexpressing ddaD/E neurons (42%, n = 12; Fig. 4j ). We then removed the mical gene in Sox14-overexpressing ddaC neurons to examine whether loss of Mical suppresses Sox14-mediated precocious dendrite pruning. Notably, removal of mical in Sox14-overexpressing ddaC neurons resulted in retention of larval dendritic arbors; approximately 15 primary and secondary dendrites were still attached to the soma at 6 h APF (100%, n = 12; Fig. 4e,k) and some persisted until 18 h APF (data not shown). Overexpressing Sox14 in mical ddaC neurons also led to a morphological defect in dendritic arbors (Fig. 4e) . Thus, precocious dendrite pruning induced by Sox14 overexpression requires Mical function.
Overexpression of EcR-B1 had no effect on the normal progression of severing events (Fig. 4b) . It was unable to induce the expression of Sox14 (data not shown) and Mical in the wL3 larvae (100%, n = 12; Fig. 4f,g ), suggesting that EcR-B1 is not a rate-limiting factor during dendrite pruning of ddaC neurons. Overexpression of Mical did not promote precocious pruning in ddaC neurons (Fig. 4c) , suggesting that Mical is an important, but not exclusive, downstream target of Sox14. Therefore, Mical is necessary, but not sufficient, to initiate the severing events during pruning.
Mical acts downstream of EcR-B1 and Sox14 during severing
To further explore whether Sox14 and Mical mediate dendrite pruning in response to ecdysone signaling, we examined whether overexpression of Sox14 or Mical can rescue the pruning defects caused by blocking ecdysone signaling (Fig. 5) . Overexpression of EcR DN caused strong dendrite-pruning defects in ddaC neurons and reduced Mical protein expression (100%, n = 11; Fig. 5a,b) . We first confirmed that the dendrite-pruning defects associated with EcR DN were a result of the inhibition of EcR function. Coexpression of wild-type EcR-B1 and EcR DN in ddaC neurons fully rescued pruning defects in ddaC neurons (100%, n = 19; Fig. 5c,i,j) and restored Mical (100%, n = 21; Fig. 5c ) and Sox14 expression (100%, n = 14; data not shown). We then tested whether sox14 genetically interacts with EcR-B1 during dendrite pruning. Sox14 overexpression almost fully rescued the pruning defects at 18 h APF in EcR DN -expressing ddaC neurons (94%, n = 16; Fig. 5d,i,j) . Moreover, Mical expression was also fully restored when Sox14 was overexpressed in EcR DN ddaC neurons (100%, n = 15; Fig. 5d ). Thus, sox14 is an important target of ecdysone signaling during pruning; Sox14, after activation by EcR-B1, initiates the expression of its downstream targets, including Mical, and promotes dendrite pruning.
To investigate whether overexpression of Mical could rescue the pruning defects in EcR DN and sox14 mutant ddaC neurons, we overexpressed Mical FL or nonfunctional Mical N-ter protein in EcR DN or sox14 mutant ddaC neurons. Notably, overexpression of Mical FL resulted in a partial, but significant, rescue of the pruning defects in EcR DN ddaC neurons (P < 0.001), as around 13 primary and secondary dendrites were attached to the soma and 55 terminal branches remained at 18 h APF (n = 23; Fig. 5f,i,j) . In contrast, when a truncated version of Mical protein lacking the C-terminal PRD, coiled-coil and PDZ-binding domains was overexpressed in EcR DN ddaC neurons, 16 primary and secondary dendrites remained attached to the soma and 82 terminal branches persisted at 18 h APF (n = 14; Fig. 5e,i,j) , similar to those observed in EcR DN ddaC neurons (n = 11; Fig. 5b,i,j) . Overexpression of Mical FL led to even more significant rescue of dendrite pruning defects in sox14 mutant ddaC neurons (P < 0.001), as approximately 10 primary and secondary dendrites remained intact and 45 termini remained at 18 h APF (n = 16; Fig. 5h,i,j) . In contrast, overexpression of nonfunctional Mical N-ter in sox14 mutants retained around 16 primary and secondary attached dendrites and 100 terminal branches, and failed to rescue dendrite pruning (n = 20; Fig. 5g,i,j) . Our data suggest a genetic hierarchy composed of EcR, sox14 and mical that governs dendrite severing during early metamorphosis (Supplementary Fig. 12 ).
DISCUSSION
Here, we identified critical functions of Sox14 and its immediate target Mical in severing dendrites of dendritic arborization neurons during early metamorphosis. The proximal regions of dendrites remained attached to the soma and severing failed to occur when Sox14 or Mical was depleted. Consistent with these observations, the expression of both Sox14 and Mical were upregulated during early metamorphosis. Notably, overexpression of Sox14 was able to induce Mical expression and rescue dendrite pruning in EcR DN ddaC neurons, overriding the requirement for EcR-B1. Mical promotes dendrite pruning through its potential association with the cytoskeleton and regulation of cytoskeletal alterations (Supplementary Fig. 12 ).
Sox14 mediates both dendrite pruning and apoptosis of dendritic arborization sensory neurons in the PNS. Dendrite pruning involving cellular fragmentation and phagocyte-dependent clearance shares features with apoptosis 19, 23 . sox14 was recently reported to function as a potential pro-death gene and as being involved in the destruction of the midgut and salivary glands 38 . We found that Sox14 could also regulate apoptosis in certain dendritic arborization neurons. Loss of sox14 function inhibited apoptosis of ddaF neurons. In apoptotic ddaF neurons, Sox14 expression was often higher than that of remodeling ddaC neurons (Fig. 2g) . It is possible that Sox14 functions in a dose-dependent manner to regulate both apoptosis and remodeling of dendritic arborization sensory neurons in the PNS. Supporting this idea, the pro-death gene reaper and the caspase gene dronc, which are involved in apoptosis and remodeling, were identified as potential targets of Sox14 (ref. 38) . Consistently, overexpression of Sox14 is sufficient to induce cell death in cultured l(2)mbn cells 38 . Continuous overexpression of Sox14 in ddaC neurons did not cause neuronal apoptosis. It is likely that the pro-death effect of Sox14 may be effectively antagonized by protective machinery activated in ddaC neurons, such as upregulation of Drosophila inhibitor of apoptosis protein 1 (ref. 22) .
Sox group genes are known for their roles in regulating major developmental processes by activating gene transcription 39 . Our results provide several lines of evidence supporting the view that Mical is a downstream target of Sox14. First, similar to Sox14, Mical also a r t I C l e S promotes dendrite severing in ddaC neurons. Second, Mical expression is dependent on Sox14 function, as Mical mRNA and protein are undetectable or strongly reduced in sox14 mutants. On the other hand, overexpression of Sox14 was sufficient to induce Mical expression in dendritic arborization neurons at a much earlier time point. Third, we found several potential binding sites for Sox14 in the regulatory region of the Mical gene. We also found that Sox14 specifically associated with some of these sites in a chromatin immunoprecipitation assay. Fourth, overexpression of Mical can significantly suppress the dendrite pruning defects in sox14 mutants. Fifth, the removal of Mical can largely suppress precocious dendrite pruning induced by Sox14 overexpression in ddaC neurons.
How does Mical promote dendrite severing in ddaC neurons? Mical may regulate cytoskeletal alterations or rearrangements of ddaC dendrites via at least two possible mechanisms. Mical can potentially cross-link actin filaments into bundles and networks through its calponin homology domain, a well-known actin-binding domain. Consistent with this, actin and myosin filaments, although assembled properly, are misoriented and mislocalized in mical mutant muscles 37 . Alternatively, Mical may also regulate actin cytoskeletal dynamics through the interaction of its PRD domain with Cas (Crk-associated substrate) proteins 40 , which themselves regulate actin cytoskeleton organization and focal adhesion formation in non-neuronal cells 41 . Notably, the sole Drosophila homolog of Cas (DCAS), similar to Mical, is also enriched in the nervous system and genetically interacts with Mical to regulate axon guidance 42 . In response to ecdysone signaling, Mical is markedly upregulated and localizes to the dendrites of ddaC neurons. This may lead to rearrangements of dendritic actin and myofilaments that are more prone to depolymerization and disassembly in remodeling ddaC neurons. Currently, it is not known how Mical induces the severing events in dendrites but not in axons. Given the distinct local environments that axons and dendrites of ddaC neurons reside in, it is conceivable that dendritically localized Mical is activated to induce the rearrangements of dendritic actin cytoskeletons, thus inducing dendrite-severing events. Cytoskeletal rearrangements often occur as an initial sign of apoptosis 43 . Mical is also upregulated in apoptotic dendritic arborization neurons in response to ecdysone, but loss of mical function has no effect in neuronal apoptosis.
Given the conservation of sox14 and mical in flies and mammals, it is conceivable that regulation of mical by sox14 might also be conserved and modulated by hormone responses in mammals. In response to steroid hormones, mammalian estrogen receptors, the homologs of fly EcR, are involved in mediating neurite growth and differentiation 44 , as well as synapse plasticity associated with learning and memory 45 . Thus, it will be of wide interest to investigate whether the EcR-Sox14-Mical pathway is evolutionarily conserved and involved in neuronal pruning and synaptic plasticity in mammals (Supplementary Results and Discussion).
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Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
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